Spectinomycin, like its more potent semisynthetic derivative trospectomycin (25) , is a broad-spectrum aminoglycoside-type antibiotic which lacks oto-and nephrotoxicity. Spectinomycin inhibits the translocation step of protein synthesis (3) by binding specifically with 16S rRNA (2) but does not cause misreading of the genetic code (1) . Spectinomycin consists of actinospectose linked by two bonds to an aminocyclitol moiety, actinamine (eINNMe 2 in Fig. 1 ). In vivo feeding experiments have indicated that (i) the 2-epi-streptamine (eINN in Fig. 1 ) moiety of actinamine is derived from myo-inositol (10) ; (ii) the N-methyl groups are from the methyl group of methionine (10) ; (iii) the N 1 -amino group is added first, followed by the N 3 -amino group as in streptidine biosynthesis ( Fig. 2 ) (12) (13) (14) ; and (iv) the N-methyl groups are added after formation of 2-epi-streptamine (13) . However, nothing is known about the enzymatic reactions involved in spectinomycin biosynthesis.
In vitro conversion of myo-[ 14 C]inositol to an aminodeoxy-[ 14 C]inositol has previously been demonstrated only in extracts of the bluensomycin producer Streptomyces hygroscopicus subsp. glebosus ATCC 14607 (16) , as depicted in Fig. 2 (reactions C and D). We have recently found that in vitro conversion of labeled myo-inositol to labeled aminodeoxyinositol can be greatly increased by the addition of oxalacetate to oxidize the NADH formed by reaction C by utilizing malic dehydrogenase present in the extracts. Overall conversions of up to 70% have now been achieved, providing the first convenient procedure for preparation of large amounts of labeled aminodeoxy-[ 14 C]inositol for future biosynthetic and molecular genetic studies. It was now feasible to renew our previously unsuccessful search for similar reactions in extracts of spectinomycin producers and hydroxystreptomycin producers by utilizing equations 1 to 5 below.
myo-[
The sum of equations 1 to 4 is
Conversion of labeled myo-inositol to labeled inosose and then to labeled aminodeoxyinositol with L-glutamine as the physiological amino donor in spectinomycin and hydroxystreptomycin producers. Cell extracts of both the spectinomycin producer Streptomyces flavopersicus ATCC 19756 and the 5Ј-hydroxystreptomycin producer Streptomyces griseocarneus ATCC 12628 were found to catalyze the coupled reactions shown in equations 1 to 5. The results are summarized in Table 1 , along with those from appropriate controls. Overall conversions of up to 70% are shown with S. griseocarneus extracts ( Table 1) . The stimulatory effects of the added oxalacetate are clearly evident. Glutamine is the preferred amino donor.
Subsite specificities of aminocyclitol subsites of aminocyclitol aminotransferases from different aminoglycoside producers as probed with diaminocyclitol derivatives. Coupled inositol dehydrogenase and aminocyclitol aminotransferase reactions can also be utilized to determine substrate specificities of the aminocyclitol subsites of aminotransferases by substituting a series of diaminocyclitol derivatives for glutamine as the amino donor, as shown in equations 1, 2, 6, and 7. Because these transaminations are reversible, the ketoaminocyclitol product could serve as an amino acceptor, for example, from glutamine or aminodeoxyinositol, in the forward biosynthetic direction as the last step in diaminocyclitol biosynthesis (e.g., reaction i of Fig. 3 ).
The sum of equations 1, 2, and 6 is
It was found, as shown in Table 2 , that only extracts of the spectinomycin producer utilized 2-epi-streptamine, a component of spectinomycin, as an amino donor. Streptamine was also utilized, indicating either that an epimerase interconverting 2-epi-streptamine and streptamine is present or that the aminocyclitol subsites differ in specificity. Unexpectedly, N 3 -methyl-2-deoxystreptamine, previously found by our laboratory to be an excellent amino donor for a purified glutamineaminocyclitol aminotransferase from a gentamicin producer (8, 9, 18) , in which the N 1 -amino group is added after the N 3 -amino group (13) , was a very active amino donor for all three aminoglycoside antibiotic producers (Table 2) by the reaction depicted in equation 8 .
Me or 1-keto-2-deoxy-3-methylaminodeoxy-scyllo-inositol) Interestingly, glutamic-␥-hydroxamate (Glu-NHOH), which inhibited the reactions of Table 1 with glutamine as an amino donor did not inhibit transaminations significantly with diaminocyclitols as amino donor.
Evaluation of a coupled enzyme assay procedure for distinguishing among diaminocyclitols, N 1 -methyl diaminocyclitols, and N 3 -methyl diaminocyclitols. When extracts of either the hydroxystreptomycin producer S. griseocarneus or the bluensomycin producer S. glebosus were incubated with [guanidino-14 C]arginine, MgATP, and certain diaminocyclitol derivatives, the coupled activities of aminocyclitol kinase E and aminocyclitol-P amidinotransferase F (Fig. 2) catalyzed formation of labeled products phosphorylated at position 6 and guanidinated at position 3 (e.g., dIGN 1 Me-P in Fig. 1 ). The positions were established by our earlier work with streptamine and 2-deoxystreptamine (20, 23, 24) . The results are shown in Table 3. It can be seen that (i) diaminocyclitols methylated at the N 3 position (N 3 -methyl-2-deoxystreptamine) cannot form a labeled product, whereas N 1 -methyl-2-deoxystreptamine reacts with both enzymes in series to form dIGN 1 Me-P; and (ii) the labeled products formed from 2-deoxystreptamine and N 1 -methyl-2-deoxystreptamine have different R f values on ammoniacal phenol papergrams (cf. reference 17). These results suggest that this procedure might help in future studies to distinguish among 2-epi-streptamine, which reacts with the coupled enzymes as shown in Table 3 , and its two possible N-monomethyl products during actinamine biosynthesis. This is the first time that N-methylated diaminocyclitols have been shown to serve as a substrate for these two enzymes.
Does a single glutamine-aminocyclitol aminotransferase participate in two different steps in spectinomycin biosynthesis? Glutamine-aminocyclitol aminotransferase and diaminocyclitol aminotransferase activities have been studied in a number of aminoglycoside producers by our laboratory since their discovery in 1968 (4, 8, 9, 21, 22) . Although it is likely that a single aminotransferase catalyzes both types of activities (e.g., FIG . 1. Structures of diaminocyclitol derivatives, with the antibiotics of which they are a constituent in parentheses. INN, streptamine (SS-56C; 2-hydroxygentamicin); dINN, 2-deoxystreptamine (gentamicin, neomycin); eINN, 2-epistreptamine (spectinomycin); eINNMe 2 , actinamine (spectinomycin); dINN 3 Me, 3 Me, 1-keto-2-deoxy-3-methylaminodeoxyscyllo-inositol; dIONЈMe, 1-methylaminodeoxy-2-deoxy-3-keto-scyllo-inositol; dIGNЈMe-P, 1-methylaminodeoxy-2-deoxy-3-guanidinodeoxy-6-phospho-scylloinositol.
FIG. 2. Enzymatic reactions involved in biosynthesis from myo-inositol (mI)
of the streptidine moiety of streptomycin and hydroxystreptomycin and the bluensidine moiety of bluensomycin (glebomycin), previously discovered by our laboratory (16, (18) (19) (20) 24 -amino groups of certain diaminocyclitols by the reactions of equations 9 to 12. The reactions are generalized here for streptamine synthesis as might occur in the synthesis of the SS-56C antibiotic (7) or 2-hydroxygentamicin by Daum's idiotroph (5, 6) . Dehydrogenases like those in reactions c, g, and h of Fig. 3 and equation 10 must play a defining role in determining which amino group is added last to the aminocyclitol ring.
2 glutamine ϩ 2 inosose º 2 2-ketoglutaramate (9) ϩ 2 aminodeoxyinositol aminodeoxyinositol 3 ketoaminodeoxyinositol ϩ 2(H) (10) aminodeoxyinositol ϩ ketoaminodeoxyinositol º (11) inosose ϩ streptamine
The sum of equations 9 to 11 is 2 glutamine ϩ inosose 3 2 2-ketoglutaramate ϩ depicts a generic half-reaction usually employed by our laboratory to detect aminocyclitol aminotransferases in antibiotic producers, with labeled substrates and product separated by high-voltage paper electrophoresis (4, 16, 17, 22) . As can be seen from Tables 1, 2 and 4, separations can now be performed more conveniently and rapidly with phosphocellulose paper squares, with labeled inosose not adsorbed and labeled aminodeoxyinositol remaining adsorbed despite its relatively low basicity (pK a of 7). This assay can be used as a marker for locating and cloning aminocyclitol aminotransferase genes, as well as for purification purposes. Mutants have already been described for this gene (11) , and other mutants might be present among the many 2-deoxystreptamineless idiotrophs in the American Type Culture Collection (5).
Experimental procedures. The spectinomycin producer Streptomyces flavopersicus ATCC 19756, the 5Ј-hydroxystreptomycin producer Streptomyces griseocarneus ATCC 12628, and the bluensomycin producer Streptomyces hygroscopicus subsp. glebosus ATCC 14607 (S. glebosus) came from the American Type Culture Collection. All three cultures were maintained on the same slants, grown on the same medium, and harvested in the early stationary phase (42 to 48 h), as described previously for S. glebosus (19) , except that S. griseocarneus was harvested by centrifugation. Cell extracts of mycelia were prepared by sonication, and supernatants were stored at Ϫ20ЊC as described for S. glebosus (19) . myo-[U 14 C]inositol (30 Ci/ mol) from American Radiochemicals was evaporated to dry- b This value represents a 70% conversion of labeled myo-inositol to labeled aminodeoxyinositol, providing a good source of labeled aminodeoxyinositol for antibiotic research (cf. Fig. 3 ).
ness to remove ethanol and diluted to 52,400 cpm/5 l. L-[guanidino- epiinosose-2 (5 mg/ml), amino acids (30 mg/ml), streptamine sulfate (8.5 mg/ml), 2-deoxystreptamine (25 mg/ml or 5 mg/ml), 2-epi-streptamine (20 mg/ml), N 3 -methyl-2-deoxystreptamine (25 mg/ml) and an N 1 -methyl-2-deoxystreptamine sample (25 mg/ml), Li 2 -carbamoyl-P (10 mg/ml), and neutralized MgATP (33 mg/ml). The buffer for aminotransferase assay was 80 mM K phosphate (pH 7.4) plus 3 mg of pyridoxal-P per ml. The buffer for kinase-amidinotransferase reaction mixtures was 0.5 (Tables 1 and 2 ) contained the following: labeled inositol (5 l), buffer (5 l), NAD ϩ (5 l), oxalacetate (5 l), amino donor (5 l), and sonicate (10 l) in a final volume of 35 l. The aminocyclitol aminotransferase only assay (Table 4) (Tables 1, 2 , and 4) 15 or 20 l of mixture was spotted in 5-l increments on 2-cm squares of phosphocellulose paper (Whatman P-81) followed by addition of 10 to 15 l of water to spread the mixture evenly. The squares, suspended with plastic chromatography clips, were dried, eluted for 15 min in a large tank of deionized water, drained, and dried with hot air blowers, before addition to 5 ml of Fisher ScintiLene xylene-based fluid and counting. (ii) For aminocyclitol kinase-aminocyclitol-P amidinotransferase experiments, samples were separated by ascending paper chromatography with ammoniacal phenol-water as described previously (17) .
